In this study, the intracellular proteome of Escherichia coli O157:H7 strain EDL933 was analyzed by two-dimensional gel electrophoresis and matrix-assisted laser desorption ionization-time-of-flight (MALDI-TOF) spectrometry after growth in simulated ileal environment media (SIEM) and simulated colonic environment media (SCEM) under aerobic and microaerobic conditions. Differentially expressed intracellular proteins were identified and allocated to functional protein groups. Moreover, metabolic fluxes were analyzed by isotopologue profiling with [U-13 C 6 ]glucose as a tracer. The results of this study show that EDL933 responds with differential expression of a complex network of proteins and metabolic pathways, reflecting the high metabolic adaptability of the strain. Growth in SIEM and SCEM is obviously facilitated by the upregulation of nucleotide biosynthesis pathway proteins and could be impaired by exposition to 50 M 6-mercaptopurine under aerobic conditions. Notably, various stress and virulence factors, including Shiga toxin, were expressed without having contact with a human host.
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E
nterohemorrhagic Escherichia coli (EHEC) strains are versatile bacterial pathogens that have caused serious outbreaks of hemorrhagic colitis and hemolytic-uremic syndrome worldwide (1) . Among these, E. coli O157:H7 is considered to be one of the most clinically important EHEC serotypes, and particular strains have been well characterized on an individual and populationbased level (2, 3) . The main reservoir of EHEC is the gastrointestinal tract of cattle and other food-producing animals (4) (5) (6) . Transfer to humans may occur by ingestion of raw or undercooked food or by person-to-person transmission. The genome size of EDL933 is about 5.5 Mb, and it contains about 1 Mb more DNA than the E. coli laboratory strain MG1655 (7) . EDL933-specific genes are frequently located in O-islands, prophages, and phage-like elements (7) . The presence of some of these islands was linked to pathogenicity and outbreak potential of particular EHEC strains (8) .
By entering the gut, EHEC have to compete for energy sources to grow in the presence of other bacteria. EHEC can grow to high numbers during infection, and this can occur only when one or few of the limiting substrates can be better utilized by EHEC than by other bacteria. Moreover, attachment to the mucus or epithelial cells may prevent EHEC from washing out of the gut (9, 10) . E. coli O157:H7 strains were detected in the mucus and close to the epithelium in a mouse model, and it was suggested that they use glycolytic pathways in the early stage of infection, and later they use gluconeogenetic pathways (9) . Furthermore, it has been shown in another mouse model that E. coli O157:H7 strain EDL933 and K-12 strain MG1655 used several sugars by means of 13 carbohydrate catabolic pathways. Whereas MG1655 was able to catabolize gluconate and N-acetylneuraminic acid, EDL933 used galactose, hexuronate, mannose, and ribose under nutrientlimiting conditions in a streptomycin-treated mouse model. Studies have further shown that E. coli O157 and other E. coli strains may compete for different nutrients in the intestine (9) . In addition, it was shown that deletions in the catabolite pathways for N-acetylmuraminic acid and N-acetylglucosamine had the greatest impact (11) . Fabich et al. (12) demonstrated that gluconate, N-acetylglucosamine, N-acetylneuraminic acid (glucuronate), mannose, fucose, and ribose have an impact on E. coli nutrition in the mouse intestine. Moreover, deletion in key enzymes of purine and pyrimidine biosynthesis in E. coli strain MG1655 hindered colonization of the gnotobiotic mouse intestinal tract and indicated the need for nucleotide biosynthesis pathways for successful colonization (13) .
By changing the environment, E. coli has to adjust to a different nutrient supply but probably also to different kinds of stress. Besides the stress for nutrient limitation, shifts in acidity, temperature, water activity, oxygen availability, or osmolarity may occur and may force E. coli to quickly answer to the changed conditions (14) (15) (16) (17) .
Proteomics and metabolic profiling are holistic approaches to measure changes in metabolism pathways. Only a few proteomic analyses have been performed to characterize the metabolism of E. coli O157. Pieper et al. (18) analyzed protein profiles in cell lysate fractions of STEC O157:H7 strain 86-24 following isolation from infected piglets. They found about 2,500 expressed proteins in different categories, as well as nonannotated ones, and found phage proteins were only weakly expressed. In another study, bacterial interaction between E. coli O157:H7 and Bifidobacterium longum was investigated by metabolomics, transcriptomics, and proteomics. The interaction between both bacteria was analyzed, and it was shown that E. coli O157:H7 utilizes asparagine and serine as nutrients, which are produced by B. longum. Notably, serine is an important amino acid, because it can be metabolized to pyruvate in a single step, from where it can be transferred into the central metabolism of O157:H7 (19) .
Metabolite fluxes in pathogenic bacteria can be assessed by the use of 13 C-labeled tracers, such as [U- 13 C 6 ]glucose. 13 C enrichments and isotopologue profiles of protein-bound amino acids were used to identify nutrient usage and metabolic pathways, even under complex environmental conditions. This technique was used to investigate the carbon metabolism of Listeria monocytogenes, Salmonella enterica, and Streptococcus pneumoniae (20) (21) (22) (23) . There is growing evidence that central metabolic pathways are linked to virulence in particular pathogens. This has been studied in L. monocytogenes and Legionella pneumophila (24, 25) .
The aim of the study was to investigate the influence of different physiological growth conditions on the use of metabolic enzymes and pathways of E. coli O157:H7 and their influence on the expression of virulence-and stress-related genes. Therefore, a model system was chosen that included three different growth media. Simulated ileal environment medium (SIEM) and simulated colonic environment medium (SCEM) were described to simulate the ileal and colonic environments, respectively (17, 26) . The main differences between these media were the ionic strength and the presence of digestive enzymes in SIEM. Data obtained after growth in these media were compared to those obtained after growth in tryptic soy broth (TSB). The latter medium was included as a complex, energy-rich reference medium containing only minor stress components. Since it was expected that maintenance, persistence, and survival in the environment occurs mainly in the stationary growth phase, this condition was chosen for analysis of the differentially expressed intracellular proteome.
MATERIALS AND METHODS
Bacterial strain and growth conditions. E. coli O157:H7 strain EDL933 was used for all experiments (27) . The genome sequence of EDL933 is available from the National Center of Biological Information (http://www .ncbi.nlm.nih.gov/) website under GenBank accession no. AE005174.2 (7). For analyzing differential protein expression of E. coli O157:H7 strain EDL933 under certain environmental conditions, tryptic soy broth (TSB), simulated ileal environment medium (SIEM), and simulated colonic environment medium (SCEM) were used. Tryptic soy broth (TSB) consisted of 17 g/liter peptone from casein (Merck, Germany), 3 g/liter peptone from soy meal (Merck, Germany), 2.5 g/liter glucose (Sigma-Aldrich), 5 g/liter NaCl (Roth, Germany), and 2.5 g/liter K 2 HPO 4 (Merck, Germany). The compositions of SIEM and SCEM were originally described by Beumer et al. (26) and were modified according to Musken et al. (17) , except that the bile salts were replaced by defined bile salts no. 3 (Difco). SCEM contained 6.25 g/liter BD Bacto tryptone (BD), 2.6 g/liter D-glucose (Sigma-Aldrich), 0.88 g/liter NaCl (Roth, Germany), 2.7 g/liter KHCO 3 (Roth, Germany), 0.43 g/liter KH 2 PO 4 (Merck, Germany), 1.7 g/liter NaHCO 3 (Merck, Germany), and 4.0 g/liter bile salts no. 3 (Difco). SIEM contained 5.7 g/liter BD Bacto tryptone (BD), 2.4 g/liter D-glucose (Sigma-Aldrich), 6.14 g/liter NaCl (Roth, Germany), 0.68 g/liter KH 2 PO 4 (Merck, Germany), 0.3 g/liter NaH 2 PO 4 (Merck, Germany), 1.01 g/liter NaHCO 3 (Merck, Germany), 5.6 g/liter bile salts no. 3 (Difco), 0.2 g/liter lysozyme (Serva, Germany), 1,000 U ␣-amylase (Fluka, Germany), 110 U trypsin (Sigma-Aldrich), 380 U chymotrypsin (Calbiochem, Germany), and 960 U lipase (Sigma-Aldrich). D(ϩ)-Glucose and enzymes were filter sterilized before addition.
For growth experiments under aerobic conditions, TSB, SIEM, and SCEM were inoculated with 5 ϫ 10 7 CFU/ml from a fresh overnight culture of EDL933 and grown at 37°C and 180 rpm in a rotary shaker to the early stationary growth phase to a total cell number of 1 ϫ 10 9 CFU/ ml. For the assays under microaerobic conditions (88% nitrogen, 10% carbon dioxide, and 2% oxygen), the media were inoculated with 1 ϫ 10 6 CFU/ml. All growth experiments were repeated twice. For growth experiments under aerobic conditions with 6-mercaptopurine, TSB, SIEM, and SCEM were inoculated at an initial optical density at 600 nm (OD 600 ) of 0.05 from a fresh overnight culture of EDL933 and grown at 37°C with 180 rpm in a rotary shaker. After 90 min, 6-mercaptopurine (Sigma-Aldrich) was added at a final concentration of 50 M, and the OD 600 was measured hourly. Data were determined in duplicate, and the means was used for the diagrams. The deviations in growth curves with and without inhibitor were determined by subtraction of the OD 600 values at 6 h.
Preparation of cellular crude extracts. The cells were harvested by centrifugation at 7,500 ϫ g at 4°C for 3 min and washed twice with Trisbuffered saline (TBS) consisting of 50 mM Tris (GE Healthcare, PlusOne, United Kingdom) and 150 mM NaCl (Roth, Germany). The resulting pellet was resuspended in a 0.4 mg/ml lysozyme solution and incubated at room temperature for 5 min. The pellet then was dissolved in lysis buffer containing 6 M urea, 2 M thiourea, 2% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 40 mM Tris, and 4 mM dithiothreitol (DTT) (all chemicals from GE Healthcare, United Kingdom) and transferred to a reaction tube containing 300 mg/ml glass beads (diameter, 0.25 to 0.5 mm; Retsch GmbH, Germany) for mechanical lysis with 25 Hz for 2 min in a Retsch mixer mill MM 200 (Retsch GmbH, Germany). The cell debris and the beads were sedimented at 14,000 ϫ g for 7 min at 4°C in a benchtop centrifuge. The resulting supernatant was removed and stored at Ϫ75°C. The protein concentrations of the crude extracts were determined with a 2D-Quant kit (GE Healthcare, United Kingdom).
2D gel electrophoresis. Chemicals and equipment for two-dimensional gel electrophoresis (2D gel electrophoresis) were from GE Healthcare, United Kingdom. Protein (0.2 mg) of each cell extract was loaded onto rehydrated 18-cm Immobiline DryStrip gels containing a nonlinear pH range from 3 to 11. The rehydration was performed overnight with a rehydration buffer containing 6 M urea, 2 M thiourea, 2% CHAPS, 0.5% IPG buffer, and 2.8 mg/ml DTT. The samples were diluted with sample buffer containing 6 M urea, 2 M thiourea, 4% CHAPS, 0.5% IPG buffer, and 2.8 mg/ml DTT and were centrifuged at 14,000 ϫ g for 5 min. The loaded strips were used for isoelectric focusing in an Ettan IPGphore 3 device to an extent of 66,567 Vh and equilibrated twice for 15 min with 6 M urea, 75 mM Tris-HCl, pH 8.8, 29.3% glycerol, and 2% sodium dodecyl sulfate (SDS). During the first incubation, 1% DTT was added. In the second step, 2.5% iodoacetamide was supplemented instead of DTT. For electrophoresis in the second dimension, the equilibrated stripes were applied onto 12% SDS polyacrylamide gels prepared with an Ettan DALTsix gel caster. The acrylamide solution, containing Rotiphorese gel 30 (37.5:1; Roth, Germany), 0.03% tetramethylethylenediamine (TEMED; Roth, Germany), 0.1% SDS, 0.1% ammonium persulfate (APS), and 225 mM Tris-HCl, pH 8.8, was prepared according to Laemmli (28) . Electrophoresis was performed with an Ettan DALTsix electrophoresis system for 4.5 h under various conditions. The slab gels were stained with RotiBlue (Roth, Germany) colloidal Coomassie and scanned in gray scale at 300 dpi in TIFF format.
Analysis of the 2D gels and spot quantification. The protein spots on the 2D gels were analyzed with Delta2D software (Decodon, Germany). The protein spots in all three repetitions of each experiment were detected to evaluate the mean normalized volume of every experiment-specific spot. To identify differentially expressed protein spots, the program quantified the spot patterns via the equation for the mean normalized volume of the comparative gels from E. coli O157:H7 EDL933 grown in different media. The data were evaluated statistically via Student's t test and the coefficient of variance.
Peptide mass finger print analysis and protein analysis. All protein spots with an expression ratio greater than 2 with regard to growth of EDL933 in TSB were picked from the gels obtained after growth in SIEM and SCEM. All spots with an expression ratio lower than 0.5 were picked from the gels obtained after growth in TSB. After the gel slices were digested with trypsin (Roche), the digested proteins were detected by matrix-assisted laser desorption ionization-tandem time-of-flight (MALDI-TOF-TOF) analysis (AutoflexIII; Bruker Daltonics). The resulting mass spectra were analyzed with the Mascot 2.2 software (Matrix Science, United Kingdom), and the resulting FASTA-formatted peptides were analyzed by BLAST with the NCBI protein database. The resulting proteins were then analyzed with the BIOCYC database collection (www.biocyc .org) and the NCBI protein database (http://www.ncbi.nlm.nih.gov /protein).
Shiga toxin ELISA. A RIDASCREEN Shiga toxin enzyme-linked immunosorbent assay (ELISA; R-Biopharm) was used for semiquantitative measuring of Shiga toxin production according to the manufacturer's instructions. After growth of strain EDL933 to a cell count of 1 ϫ 10 9 /ml, as described above for 2D-PAGE experiments, supernatants were sterilized by filtration (pore size, 0.2 m). For the assay, 1:10 dilutions of supernatants were used.
13 C labeling experiments, protein hydrolysis, and amino acid derivatization. For analysis of the carbon fluxes of strain EDL933, experiments were performed in triplicate as described above. However, 40% glucose in the respective media was replaced with D-[U- 13 C 6 ]glucose (Sigma, Germany). Cells were harvested as described above. To remove Tris from the bacterial pellet, the cells were washed once more with 0.9% NaCl. Thereafter the bacteria were lysed by heating for 10 min at 96°C and stored at Ϫ75°C. Protein hydrolyzation and amino acid derivatization were performed basically as described previously (21) . Briefly, 10 mg of the bacterial cell pellets was suspended in 0.5 ml of 6 M HCl, and the mixture was incubated for 24 h at 105°C. HCl was removed under nitrogen supply, and 200 l of glacial acetic acid was added to the dried sample and resolved in an ultrasonic water bath.
The hydrolysate was transferred on a minicolumn of Dowex 50WX8 (H ϩ form; 200 to 400 mesh; 0.5 by 1 cm). The column was washed twice with ultrapure water and developed with 1 ml of 4 M ammonium hydroxide. An aliquot of the eluate was dried under a stream of nitrogen, and the residue was dissolved in 50 l of dry acetonitrile. A total of 50 l of N-(tert-butyldimethylsilyl)-N-methyltrifluoracetamide containing 1% N-(tert-butyldimethylsilylchloride (TBDMS; Sigma-Aldrich) was added. The mixture was kept at 70°C for 30 min. The resulting mixture of TB-DMS amino acids was used for gas chromatography-mass spectrometry (GC-MS) analysis.
Asparagine and glutamine were converted into aspartate and glutamate during the acidic hydrolysis. Consequently, the values reported for aspartate and glutamate are mean values for aspartate/asparagine and glutamate/glutamine, respectively. The amino acids tryptophan and cysteine were destroyed during hydrolysis; therefore, they are not given. Arginine does not form TBDMS derivatives. The values for methionine, histidine, lysine, and threonine were hampered by high error deviations and are listed only when possible.
Mass spectrometry and isotopologue analysis. Gas chromatographymass spectrometry was performed on a GC-QP 2010 plus (Shimadzu, Duisburg, Germany) equipped with a fused silica capillary column (equity TM-5; 30 m by 0.25 mm, 0.25-m film thickness; Supelco, Bellafonte, PA) as described previously (22) .
The mass detector worked in electron ionization (EI) mode at 70 eV. An aliquot of the solution was injected in split mode (1:10) at an injector and interface temperature of 260°C. The column was held at 150°C for 3 min and then developed with a temperature gradient of 7°C/min to a final temperature of 280°C. Samples were analyzed in SIM mode at least three times. Data were collected with LabSolution software (Shimadzu, Duisburg, Germany). The overall 13 C excess values and the isotopologue compositions were calculated by an Excel-based in-house software package according to Lee et al. (29) . The 13 C enrichments and isotopologue profiles given are mean values from three independent labeling experiments. Standard deviations typically were below 20%.
RESULTS
Protein spots with intensity variations between the three media by a factor of more than 2.0 (upregulation) or less than 0.5 (downregulation) were excised from the respective gels. Under the conditions applied, 360 spots of differentially expressed proteins were detected. Because some of the protein spots consisted of more than one protein, the 360 spots were allocated to 430 proteins.
The differentially expressed proteins were arranged into functional groups (see Tables S1 to S4 in the supplemental material). Totals of 156 and 97 proteins were differentially expressed in SCEM and SIEM, respectively, under microaerobic conditions, and 142 and 35 proteins were expressed in the respective medium under aerobic conditions (see Tables S1 to S4 ).
The majority of differentially expressed proteins concerned metabolic activities and reflected the responses of the bacterial cells to components of the different media. Only snap shots of metabolic pathways were detected, since not all enzymes of the respective metabolic pathways were found in the assays. Nevertheless, the cytoplasmic proteins with a molecular mass from 10 to 250 kDa were sufficient to give a basic overview of the metabolic changes as a response to different environmental conditions.
Changes in protein expression patterns in SIEM under aerobic and microaerobic growth conditions. Most noticeably, 26 proteins which belong to the general bacterial metabolism changed their expression patterns (see Table S1 and S2 in the supplemental material). Most upregulated proteins were found after microaerobic cultivation. The analysis revealed a number of proteins with functions in glycolysis/gluconeogenesis and pyruvate fermentation pathways, including proteins involved in mixed-acid fermentation (see Tables S1 and S2 ). Some pentose phosphate pathway proteins were downregulated. Another large group of proteins expressed after microaerobic cultivation was membrane proteins responsible for respiration, electron transport, and proton-motive force generation, such as hydrogenases and NADH-or formate dehydrogenases (Table 1) . Some proteins were downregulated under both conditions, such as malate dehydrogenase.
A further important functional group of differentially expressed proteins included chaperones and stress-induced proteins. Fourteen proteins were upregulated after cultivation in SIEM. Whereas FkpA and CbpA were strongly expressed in SIEM under microaerobic conditions, the phage shock protein PspA was overexpressed in SIEM under aerobic conditions (Table 1) . Moreover, 11 downregulated stress-associated proteins were detected (see Tables S1 and S2 in the supplemental material). However, the protein disaggregation chaperone ClpB, the chaperon GroEL, and the glutamate decarboxylase enzyme GadA (16) , as a part of the glutamate-dependent acid resistance system 2, were detected and highly expressed under both conditions (Table 1) .
Twenty-six proteins involved in transcription, translation, and protein biosynthesis, such as the elongation factor Tu, some strong regulated ribosomal proteins, and the purine nucleoside phosphorylase DeoD, were regulated (Table 1; also see Tables S1  and S2 in the supplemental material). The protein was upregulated under growth in both media. Aside from some functional categories, such as motility, chemotaxis, virulence factors, and cell structure with less or no protein regulation, there was a large group of 27 regulated proteins with unknown or less described functions belonging to various functional categories (Table 1; also  see Tables S1 and S2) . Changes in expression patterns in SCEM under aerobic and microaerobic growth conditions. A considerable amount of the 96 regulated proteins was related to transcription, translation, and protein biosynthesis. Many of the upregulated proteins were involved in amino acid synthesis, and some of them were upregulated under both culture conditions (see Tables S3 and S4 in the supplemental material). The formation of purine bases, especially for the nucleobase guanine, also seems to be important during growth in SCEM. Similar to SIEM, a large amount of differentially expressed proteins with functions in general metabolic pathways was found (see Tables S3 and S4 ). Many proteins involved in glycolysis/gluconeogenesis and pyruvate metabolism were detected. As examples, the pyruvate kinase PykF was upregulated in each experiment in SIEM and SCEM and the multifunctional enzyme alcohol dehydrogenase in SCEM under both conditions (Table 1;  also see Tables S3 and S4 ). Membrane proteins responsible for respiration, electron transport, and proton-motive force generation, such as hydrogenases and NADH-or formate-dehydrogenases, as well as some subunits of the ATPase, were differentially expressed, similar to the situation found in SIEM (see Tables S3  and S4 ). Besides many stress-induced proteins and chaperones, a number of downregulated transport proteins were observed, especially those for amino acid transport, e.g., the transporters for cysteine and glutamine. Remarkably, some motility and chemotaxis proteins displayed a lower level of expression, such as flagellin (FliC) in SCEM or the LuxS quorum-sensing homologue S-ribosylhomocysteinase YgaG after cultivation in both media (Table 1) . However, only in SCEM was evidence for virulence proteins provided after cultivation under both aerobic and microaerobic conditions.
A large group was constituted by proteins that could not be categorized in larger functional groups and proteins with hypothetical and putative functions. The latter group consists of 31 upregulated and 38 downregulated proteins with unknown or less described functions belonging to various functional categories (see Tables S3 and S4 in the supplemental material).
The nucleotide biosynthesis inhibitor 6-mercaptopurine impairs growth of EDL933 in SIEM and SCEM. The strong expression of proteins involved in nucleotide biosynthesis pathways in SIEM and SCEM indicated that these pathways are important for growth under these conditions. To test this hypothesis, growth experiments were performed with 50 M 6-mercaptopurine, known as an inhibitor of nucleotide biosynthesis (30). In Fig. 1 (upper graph), a slight deviation in the growth curve in TSB was observed after addition of 6-mercaptopurine. The deviation was higher in SIEM and reflected a stronger growth inhibition. As can be seen from Fig. 1 (middle graph) , only weak growth was observed under the influence of 6-mercaptopurine. Although the growth curve of EDL933 in SCEM without inhibitor reached higher ODs than in SIEM without inhibitor, the deviation with 6-mercaptopurine was in the same range as that shown for SIEM (Fig. 1, middle and lower graphs) . The results of these experiments show that E. coli O157:H7 strain EDL933 depends more on nucleotide biosynthetic pathways during growth in SIEM and SCEM than in TSB and supports the proteome data shown above.
Consideration of particular proteins. Some of the proteins revealed from the proteome data were conspicuous because they were highly expressed or had special functions that are important for bacterial growth under the conditions selected (Table 1 ; also see Tables S1 to S4 in the supplemental material). The two 933W prophage-encoded proteins Stk (serine/threonine protein kinase) and 933Wp42 (Z1466) were upregulated in SCEM up to 6-and 40-fold, respectively. The 645-amino-acid protein 933Wp42 is encoded directly downstream of the Shiga toxin 2a gene by Z1466, and both genes are cotranscribed (31) . Since Shiga toxins are regularly found outside the bacterial cells, differences in Stx1a or Stx2a production could not be detected in the proteome experiments described here. However, Shiga toxin production could be measured with a commercial Shiga toxin ELISA. Increased Stx production was detected under the same culture conditions as those chosen for the proteome experiments (Fig. 2) . In all experiments, cultivation in SIEM and SCEM led to a larger amount of Shiga toxin than growth in TSB. Especially in the aerobic assay, a very high value of toxin production after cultivation in SCEM was shown. This effect was also observed for 933Wp42 during the 2D-PAGE experiments (see above). Some other upregulated phage-encoded proteins with unknown functions, such as Z2386 (2.8-fold) and Z0319 (3.6-fold), were also detected ( Table 1) .
Cultivation in SCEM also led to enhanced expression of virulence factors such as EspP (3.1-fold) and EspB (2.5-fold) ( Table  1) . EspP is an autotransporter serine protease encoded by the large plasmid pO157 and is known to enhance the intestinal colonization of calves (32) , probably by developing ropelike fibers (33) . EspB is a type III secreted protein which is involved in formation of the type III secretion apparatus (34) .
Besides the 20-fold-downregulated flagellin protein FliC, some proteins were upregulated that are involved in colanic acid synthesis and formation of biofilm-like structures. The enzyme phosphomannomutase ManB, which is important for the formation of the precursor fucose for colanic acid production, was upregulated in SCEM under aerobic (7.5-fold) and microaerobic (6.3-fold) conditions. Colanic acid is also known as capsule I molecule of E. coli, and the glucose-6-phosphatate isomerase Pgi, which is 2.6-fold upregulated in our study, has important functions in fucose formation by converting D-glucose-6-phosphate to D-fructose-6-phosphate. Two regulators for colanic acid synthesis were differentially regulated, the YihK (4.9-fold) GTP-binding protein, which may be involved in positive regulation of colanic acid synthesis (35) , and the RcsB protein (regulator of capsule synthesis B; 3.3-fold). After cultivation in SIEM under microaerobic conditions, proteins involved in biofilm formation, FumB (3.0-fold) and BolA (0.3-fold), also were upregulated or downregulated, respectively (36) . BolA regulates the transcription of genes involved in cell morphology to enhance protection of the organism, specifically during stationary phase (37, 38) , and it induces biofilm formation (39) ( Table 1) .
Upregulation of GadA (8.6-and 3.4-fold) and GadB (9.2-fold) was detected in SIEM. On the contrary, the starvation lipoprotein Slp was downregulated (0.1-fold). GadA and GadB are part of the glutamate-dependent acid resistance system, which protects the cell during anaerobic phosphate starvation when glutamate is available. This protein is probably responsible for acid resistance. The expression increased when cells were grown under conditions known to induce glutamate-dependent acid resistance (40) . During growth under acidic conditions, expression of Slp is negatively regulated by GadW but positively regulated by GadXW, and both are regulators of the two glutamate decarboxylases responsible for glutamate-dependent acid resistance (41) . Another protein which was detected under most of the conditions applied was the LuxS homologue YgaG, an S-ribosylhomocysteinase responsible for formation of the quorum-sensing autoinducer 2 (AI-2) ( Table 1) . LuxS is the synthase that catalyzes formation of AI-2, which is an acylated homoserine lactone, by cleavage of S-ribosylhomocysteine (42) . This protein was downregulated in SIEM under aerobic and microaerobic conditions as well as in SCEM under aerobic conditions ( Table 1) .
Incorporation of [U-13 C 6 ]glucose into amino acids after cultivation in SIEM, SCEM, and TSB under aerobic and microaerobic conditions. In all growth experiments using [U- 13 C 6 ]glucose as a tracer, histidine, isoleucine, leucine, lysine, phenylalanine, proline, threonine, and valine were not significantly labeled ( 13 C excess, Ͻ1%) and therefore were mainly or completely derived from unlabeled amino acids present in the tryptone fraction of the media. On the other hand, the amino acids alanine, serine, aspartate, glutamate, and glycine showed significant 13 C enrichments (4 to 14%) in most experiments. As shown in Fig. 3 , the rates of de novo-biosynthesized amino acids were much higher in all aerobic assays than in the microaerobic assays.
Early growth phase. (i) Alanine and serine. Under aerobic conditions in SCEM or SIEM, EDL933 showed a much larger incorporation of 13 C from exogenous glucose into the amino acids alanine and serine until the mid-logarithmic growth phase than that in the same experiments under microaerobic conditions. More specifically, 10.1% alanine was labeled after aerobic growth in SCEM, while the experiment under microaerobic culture conditions had only 2.5% 13 C-enriched alanine. Similar results were observed for the experiment in SIEM, with 7.2% [
13 C]alanine under aerobic and 2.0% under microaerobic conditions. In sharp contrast, the 13 C values of alanine were nearly similar, at 6.5 and 5.2%, when TSB was used for aerobic and microaerobic growth. Related results were found for serine. Here, 12.2 and 0.1% were labeled during the experiment in SCEM and 7.0 and 0.8% in SIEM. TSB again showed similar values, 4.3 and 3.1%, under the culture conditions tested ( Fig. 3 ; see also Table S5 in the supplemental material).
The GC-MS analysis also provides data about the relative amounts of isotopologues in a given amino acid (i.e., molecules comprising a given number of 13 C atoms). In the following, amino acids containing one, two, or three 13 C atoms are indicated as M ϩ 1, M ϩ 2, or M ϩ 3, respectively. The isotopologue data of the labeled amino acids (see Table S5 in the supplemental material) revealed a relatively large amount (Ͼ70%) of completely labeled alanine (M ϩ 3) after growth under the culture conditions tested. On this basis, alanine was apparently synthesized directly from with TSB, considerable amounts (30%) of singly (M ϩ 1) and doubly (M ϩ 2) labeled alanine were detected that have a more complex biosynthetic history, e.g., involving fluxes via the pyruvate formation from oxaloacetate. Serine was also characterized by large amounts of completely labeled molecules (M ϩ 3) in all assays.
(ii) Other amino acids. Until the mid-logarithmic growth phase, the incorporation rates from [U- 13 C 6 ]glucose into other amino acids were low, even under aerobic conditions (Ͻ3.4%) ( Fig. 3 ; see also Table S5 in the supplemental material). Obviously, glucose catabolism for providing precursors of amino acid biosynthesis did not play an important role during the early growth phase under the tested conditions. Stationary growth phase. EDL933 showed higher values of 13 C incorporation into amino acids (i.e., alanine, serine, aspartate, glutamate, and glycine) in the stationary growth phase than in the mid-logarithmic growth phase. Again, histidine, isoleucine, leucine, lysine, phenylalanine, proline, threonine, and valine were unlabeled ( 13 C excess, Ͻ1%). Generally, the experiments in TSB revealed lower values of 13 C incorporation into every amino acid than those for growth in SIEM and SCEM. Quite notably, the differences detected during the early growth phase between aerobic and microaerobic conditions were diminished, with the exception of serine from the SIEM and SCEM experiment.
(i) Alanine and serine. The incorporation rate of [U- 13 C 6 ]glucose into alanine under aerobic as well as microaerobic conditions was high, with incorporation values from 12.1% in SIEM under microaerobic conditions to 13.8% in SCEM under microaerobic conditions (see Table S5 in the supplemental material). The related rates in TSB were lower, with 7.6 and 7.4% 13 C incorporation, respectively. Similar to the assay with EDL933 growing to mid-logarithmic phase, a large amount of serine was labeled under aerobic conditions. For example, 11.4 and 6.9% labeled serine was found after aerobic growth in SCEM and SIEM, respectively. On the other hand, serine was less labeled under microaerobic conditions in SIEM and SCEM. The values for serine from TSB-grown bacteria were as low as 1.8% under aerobic and microaerobic conditions. These features are comparable to those during the mid-logarithmic phase.
Compared to the mid-logarithmic growth phase, the isotopologue profiles (see Table S5 in the supplemental material) of alanine showed less M ϩ 3 labeling (30 to 70%). Here, we found larger amounts of M ϩ 2 and M ϩ 1 alanine labeling (30 and 20%, respectively). Microaerobic cultivation led to more M ϩ 2 alanine labeling.
(ii) Other amino acids. In the stationary phase, we also found labeled asparagine/aspartate and glutamine/glutamate. For asparagine/aspartate, a very large amount of 10 to 13% was observed for all experimental conditions, with the exception of aspartate from TSB-grown cells under microaerobic conditions (5.5%). Under microaerobic conditions, we found larger amounts of M ϩ 3 aspartate labeling. In contrast, under aerobic conditions a larger fraction of M ϩ 2 aspartate was detected. Except for EDL933 grown in SCEM under aerobic conditions, all growth conditions revealed large amounts of singly labeled glycine. Cultivation in TSB led to less completely labeled glycine. The results for glutamine/glutamate showed a very similar distribution of isotopomers. In all assays, glutamate occurred mostly as an M ϩ 2 isotopomer (see Table S5 in the supplemental material).
DISCUSSION
The idea behind this study was that the metabolic responses of E. coli O157:H7 strain EDL933 should largely reflect the environmental conditions in which the strain is growing. Therefore, growth media were chosen which simulate the extracellular environment in ileum and colon based on pH, medium contents, enzymes, and bile salts. Although a number of differentially expressed proteins could not clearly be allocated to metabolic pathways, some basic findings can be discussed. Protein expression in SIEM versus TSB under microaerobic conditions affected mainly protein biosynthesis, purine biosynthesis, fermentation metabolism, glycolysis, pentose phosphate cycle, and stress proteins. Under aerobic conditions, protein biosynthesis, energy metabolism, stress, and purine biosynthesis were affected. The expression of numerous stress genes could be due to the presence of bile salts and the protein biosynthesis levels to smaller amounts of proteins/peptides present in the bouillon (BD manual) (43) . Moreover, evidence was provided for an increased formation of the glutamate-dependent acid resistance system 2. Besides acidic environments, stationary growth and osmotic shocks could also induce a glutamate-dependent acid resistance response via the general stress response regulator RpoS (44, 45) . These findings confirmed our results of an upregulation of the GadA glutamate decarboxylase isozyme only after cultivation in SIEM, which contains the largest amount of NaCl (6.14 g/liter), compared to TSB, with 5g/liter NaCl. RpoS was not found as a differentially expressed protein in our study, indicating similar expression in the stationary phase in all media used.
Interestingly, many proteins necessary for growth under aerobic conditions were upregulated under microaerobic conditions, and other proteins necessary during anaerobic growth were also upregulated under aerobic conditions. This observation may be due to a switch from aerobic to anaerobic growth in the stationary phase, where the cell density increased and oxygen is limited. Since it can be suspected that not all bacterial cells in a batch culture are in the same physiological state, these results are explainable.
After cultivation of EDL933 in SCEM under microaerobic conditions, upregulation of numerous proteins involved in protein biosynthesis, purine biosynthesis, and general metabolic pathways, including enzymes of fermentative pathways, were observed (see Tables S1 to S4 in the supplemental material). On the other hand, a number of transporters were downregulated. Under aerobic conditions, a similar picture was revealed; however, strong upregulation of nucleotide biosynthesis proteins was detected under both conditions. Nucleotide biosynthesis is a basic metabolic pathway that has been shown to be important for colonizing the mouse intestine. In a study published by Vogel-Scheel et al. (13) , it was shown that deletion in E. coli laboratory strain MG1655 of genes encoding key enzymes of purine and pyrimidine biosynthesis prevented colonization and led to a washout of the cells from the gut. The authors concluded that synthesis of nucleotides is necessary for successful colonization (13) . The data of our study revealed an upregulated expression of a number of proteins involved in nucleotide biosynthesis, especially in SIEM and SCEM, and an impairment of growth after addition of an inhibitor of purine biosynthesis. Moreover, strong incorporation of glycine, which is needed for purine biosynthesis, was observed. This supports the interesting hypothesis of Vogel-Scheel and opens the question for use of 6-mercaptopurin in inhibiting growth of EHEC under certain environmental conditions.
The protein 933Wp42 (Z1466 gene) was upregulated up to 40-fold (Table 1) . Previous research revealed an upregulation of the corresponding Z1466 gene of EDL933 in response to norfloxacin (31) . Besides the 933Wp42 protein, which is encoded by bacteriophage 933W, other homologue proteins have been recognized on cryptic phages, such as CP-933R, CP-933V, and CP-933P. YihS, a further homologue, is encoded by the EDL933 chromosome but differs in 326 of the 645 amino acids coding for the Z1466 protein. YihS is a putative 9-O-acetyl-N-acetylneuraminate esterase. N-Acetylneuraminate, a common sialic acid, is present in the human colonic mucus. Further investigations revealed that E. coli can utilize N-acetylneuraminate as the sole carbon source (46) . This may provide an advantage for growth in competition with the common gut microbiota and may lead to a successful colonization of the colon. The upregulation of Z1466 corresponds to the strong production of Shiga toxin in ELISA under the same culture conditions. This observation is consistent with the fact that the stx gene and Z1466 are cotranscribed (31) .
Other virulence factors were detected under both aerobic and microaerobic conditions. EspB was upregulated during microaerobic growth in SCEM. EspP, which enhances colonization in calves during aerobic growth, was also found to be upregulated in SCEM (Table 1) . On this basis, one can conclude that the media are important for the expression of virulence factors.
Since only hypothetical functions were known for a number of differentially expressed proteins, we looked for their genetic locations. Six of them were encoded by O-island 43. These proteins are Z1127, Z1213, and the putative phage inhibition, colicin resistance, and tellurite resistance proteins TerB, TerD, TerE, and TerZ (Table 1 ). According to Bergholz et al. (47) , the tellurite resistance genes are located on two O-islands in the EDL933 genome. The genes terD, terE, and terZ show significant changes over time during cultivation in minimal media, whereas the terB gene was not detectable in the experiment. Thus, the decreased expression of the ter genes in our experiment seems not to cohere with the low amount of nutrients in the experimental media compared to the rich medium, TSB. Effects on carbon fluxes as gleaned from 13 C labeling experiments. On the basis of isotopologue profiling, alanine, aspartate, and serine were significantly synthesized by EDL933 de novo from [U- 13 C 6 ]glucose, whereas the other amino acids were mainly taken or synthesized from unlabeled carbon substrates (e.g., taken from unlabeled amino acids in the tryptone fraction of the media). The TSB experiments show generally smaller amounts of amino acids generated from glucose, perhaps due to the large amount of degraded proteins in this rich medium (Fig. 3) .
Alanine formation seems to be highly important for EDL933, although sufficient amounts of unlabeled alanine are present in all media under study. This holds true especially for aerobic conditions during the logarithmic phase and generally in the stationary phase. The need for newly formed alanine during logarithmic phase might be explained by the increased peptidoglycan biosyn- thesis until the late growth phase. As proteomic evidence for peptidoglycan biosynthesis, however, we only found the upregulated glucan biosynthesis protein D and the downregulated D-alanine-D-alanine ligase in SCEM during the beginning of the stationary phase. On the other hand, the alanyl-tRNA synthase AlaS was upregulated under microaerobic conditions (see Tables S1 to S4 in the supplemental material).
On the basis of the detected labeling data of the cell-associated amino acids, we have built a core metabolic network. More specifically, we assume that [U- 13 C 6 ]glucose is catabolized via glycolysis to [U- 13 C 3 ]3-phosphoglycerate (3-PGA), the precursor of serine that can be further converted into glycine. Starting from [U- 13 C 6 ]glucose, this route is conducive to the formation of [U-13 C 3 ]serine (M ϩ 3) and [U- 13 C 2 ]glycine (M ϩ 2). In a reverse reaction, serine can be formed through the hydroxymethyltransferase reaction from glycine with a C 1 unit from methylenetetrahydrofolate. Serine deriving from this reaction will show M ϩ 1 and/or M ϩ 2 as main isotopologues. Following the reactions in glycolysis, [U- 13 C atoms in glutamate or more than three 13 C atoms in aspartate are explained by multiple cycles in the tricarboxylic acid cycle or PEP carboxylation combining two substrates with 13 C. M ϩ 1 in aspartate or serine is derived by carboxylation or hydroxymethylation using a 13 C 1 substrate. As displayed in Fig. 3 and Fig. 4A and B, the levels of 13 C enrichments in labeled amino acids were higher in cells harvested at the stationary phase, except for alanine and serine from the aerobic experiments with SIEM and SCEM (Fig. 4A) . Taking into account changes in the isotopologue profiles, this translates into increased carbon flux via glycolysis and PEP carboxylation during the late growth phase under microaerobic conditions in SIEM and SCEM. No flux via the citrate cycle can be seen for microaerobic conditions as well for the early and late growth phases (Fig. 4B) . The small amount of M ϩ 2 in aspartate for the late growth phase can be explained by the activity of the glyoxylate pathway. On the other hand, carbon flux via glycolysis, via the citrate cycle, albeit to a lesser extent, is already high in the early growth phase in SIEM and SCEM in the presence of high oxygen concentrations. Only flux via PEP carboxylation is highly increased until the late phase under these conditions.
The labeling patterns of amino acids from cells grown in TSB, SIEM, or SCEM were different between microaerobic and aerobic growth conditions (Fig. 5) . Using TSB as the medium, no change of the 13 C enrichment and the labeling profiles occurred under different oxygen levels during mid-logarithmic growth phase (Fig.  5A) . When cultures were grown on SCEM (Fig. 5B ) under microaerobic conditions, the synthesis of amino acids was found to be very low. Only a minor flux via glycolysis to pyruvate resulted in 2.5% 13 C enrichment in alanine. Remarkably, these fluxes were highly increased under aerobic conditions. Consequently, serine and alanine were now highly labeled. PEP carboxylation and tricarboxylic acid (TCA) were also activated under aerobic conditions, resulting in some 13 C enrichments in aspartate and glutamate. We then compared the metabolic fluxes for EDL933 grown on TSB versus SIEM/SCEM until the stationary phase under microaerobic conditions (Fig. 6) . In TSB, EDL933 showed low activity of glycolysis, PEP carboxykinase, and malic enzyme (Fig. 6A and B, blue arrows). In SIEM (Fig. 6A, red arrows) , these pathways are upregulated and lead to high 13 C enrichments in alanine (M ϩ 2 and M ϩ 3) and aspartate (M ϩ 3). The labeling pattern of aspartate and glutamate (M ϩ 2) also showed activity in the TCA cycle. In SCEM (Fig. 6B, red arrows) , alanine and aspartate were again highly labeled, whereas glutamate was unlabeled, in contrast to glutamate from the SIEM experiment. This suggests that 13 C 2 -labeled aspartate from the SCEM experiment was made via the glyoxylate pathway. For both schedules (Fig. 6A and B) , we found supportive evidence on the proteome level. In SIEM and SCEM, the glycolysis enzyme glucose-6-phosphate isomerase Pgi, the 6-phosphofructokinase PfkA, the fructose-bisphosphate aldolase Fba, the glyceraldehyde-3-phosphate dehydrogenase GapA, the phosphoglyceromutase YibO, and the pyruvate kinase PykF were upregulated. Increase of M ϩ 3 aspartate in the flux analysis was in good agreement with upregulation of PEP carboxykinase PckA and the PEP carboxylase (see Tables S1 to S4 in the supplemental material).
Evidence for neither the conversion of malate to pyruvate by malic enzyme nor the conversion from pyruvate to alanine could be found during the proteomic experiments. Only the upregulation of alanine-specific tRNA synthesis (AlaS) supported the findings of the increased alanine synthesis in the isotopologue experiments. Also in line with the 13 C data, we found upregulation of three enzymes catalyzing the formation of serine and glycine from 3-PGA after cultivation in SCEM, namely, the 3-phosphoglycerate dehydrogenase SerA, the 3-phosphoserine aminotransferase SerC, and the serine hydroxymethyltransferase GlyA (see Tables  S3 and S4 in the supplemental material). In Fig. 7 , fluxes are compared for the various media under aerobic stationary conditions. High 13 C enrichments and isotopologue profiles were observed for alanine and aspartate from the experiments in TSB showing high activity in glycolysis and PEP carboxylation. Low activity in TCA led to M ϩ 2 labeling in glutamate at low abundance. In the experiments with SIEM and SCEM, upregulation of glycolysis could be seen through higher labeling in serine and alanine. The flux via TCA into glutamate also was enhanced, whereas the M ϩ 2 labeling and the overall 13 C enrichment of aspartate remained constant ( Fig. 7A and B) . For SCEM, the relative amount of M ϩ 3 in aspartate was higher, showing a further activation of PEP carboxylation (Fig. 7B) . On the proteome level, we found far smaller amounts of enzymes according to the metabolic pathways described after cultivation under aerobic conditions. In SIEM, only the glycolysis enzyme enolase Eno, catalyzing the formation of PEP from 2-phosphoglycerate, was upregulated. In SCEM, the glycolysis enzymes glyceraldehyde-3-phosphate dehydrogenase GapA, the pyruvate kinase PykF, the PEP synthase PpsA, the TCAassociated enzyme subunit 2-ketoglutarate decarboxylase subunit SucA, the pyruvate dehydrogenase subunit AceE, and the lipoamide dehydrogenase Lpd, a subunit of the 2-ketoglutarate decarboxylase complex, as well as the pyruvate dehydrogenase complex, were upregulated (see Tables S1 to S4 in the supplemental material).
Conclusions. The global proteomic approach showed insights into the complex metabolic pathway structure of E. coli O157:H7 strain EDL933. A very complex interaction of proteins of different pathways with single and multiple functions was found as a response to media simulating the ileal and colonic growth environments. This reflects the high versatility of different substrates relating to life conditions. Furthermore, it could be shown that growth under these simulating conditions alone was able to trigger putative stress-and virulence-related genes, although host organisms were not present. A similar observation has already been described by other authors (48) . Clear differences in 13 C enrichments into Ala, Asp, Glu, Ser, and Gly were seen for the different media, different oxygen contents, and different growth phases analyzed in this study. In particular, the response to the oxygen content of the growth medium was clearly different in the TSB medium compared to that in media that simulate the natural habitat of EDL933. Whereas in TSB the 13 C enrichments were hardly influenced by the oxygen content of the medium, in SIEM and SCEM the production of alanine and serine was high under aerobic growth conditions, and almost all amino acids were taken from the medium until the mid-logarithmic phase under the physiologically more realistic microaerobic conditions. This implies rapid growth without the need for amino acid production during the first stages of infection. However, if necessary, EDL933 is able to react to changes in growth conditions with amino acid production from glucose via glycolysis, TCA, the glyoxylate pathway, PEP carboxylation, and reaction of the malic enzyme.
The increase in expression of nucleotide biosynthesis proteins in SIEM and SCEM and the expression of particular virulence factors, including Shiga toxin, demonstrates a connection of general metabolism and virulence gene expression. It also shows the need for more detailed analysis of the complex interactions of the metabolism of EHEC, virulence gene expression, and pathogenesis to understand the mechanisms for the development of disease.
